Abslract-Next generation mobile communication systems will not he voice dominated anymore. A large set of applications with different quality of service requirements will run on top of the wireless end-system. The quality of service support for different types of services over the wireless link poses formidable challenges to the protocol design. To guarantee a fast return of investment for the network providers, the capacity per wireless cell has to he maximized. In this paper we will introduce a new approach for designing spreading sequences for synchronous CDMA systems, that achieves high capacity and avoids overwhelming signaling. By means of simulation we can show that our approach leads to a significant capacity improvement. Moreover, higher quality of service values can he achieved using a recently introduced protocol.
I. INTRODUCTION By introducing mobility, wireless communication systems have undergone a tremendous evolution in the last decades. The main difference between future'wireless communication systems and omnipresent systems is that the former ones are not voice dominated anymore. Future 3G and beyond network providers are interested in a sufficient return on their investments, which can be realized by larger number of customers (that can be billed per wireless cell) offering a large set of applications.
Introducing a wide range of services with heterogenous quality of services (QoS) requirements [FKWf021 in the wireless format poses formidable challmges to wireless protocols. The main problem is the characteristic of the wireless link, which (in contrast to a wired link) is highly error-prone and suffers by long outage periods [ZR97] . Even the use of error-correction schemes such as automatic repeat request (ARQ) will not overcome the problem of the unreliable wireless link as given in the example of Figure 1 . The figure shows a simplified ARQ transmission scheme. The input to the queue is an arrival process at a rate A and the queue is Served at rate p s . After the server a decision is made as to whether this service was successful or not.
In case of an unsuccessful transmission, the service has to be repeated and this happens with probability cr(t), which varies over time. In other words one could think of a queue that is filled with packets and these packets are transmitted over a wireless link with a given capacity corresponding tops. According to the ARQ strategy, corrupted packets have to be retransmitted, F. Fitzek and A. Wolisz Telecommunication Networks Group (TKN) Technical University Berlin while stored packets have to wait until the retransmission process of the corrupted packet is successful. This strategy leads to a variable delay of the higher protocol packets (e.g. one Internet (IP) packet), which is undesirable for multimedia services. Therefore we came up with an idea of multiple servers with
,,-. individual service rate p,,, as given in Figure 2 . In this case, even with pm = A, no buffer overflow will occur if we could only activate another server every time the service failed before. In contrast to the example given in Figure 1 , the delay and jitter of the stored packets with the approach of multiple servers is bounded. Unfortunately, in real systems, the number of servers corresponding to channels is limited using orthogonal resources such as in TDMA, FDMA, or CDMA (Rap961 with orthogonal spreading sequences. Limited resources have to be assigned and signaled by a centralized entity among transrnitters to avoid collisions. For cellular systems the assignment can be easily done within the down-link. But for the uplink the assignment could lead to an overwhelming amount of signaling.
On the other hand, there is the possibility to use pseudo noise (PN) sequences in combination with CDMA for the uplink.
PN sequences are non-xthogonal resources. In this case there would be a high number of resources which could be assigned in a distributed fashion among transmitters and therefore PN sequences does not need overwhelming signaling. In contrast to orthogonal resources, using PN sequences the servers have an impact on each other and will lead to a performance degradation of each transmitter when more servers are active. Regarding Figure 2 , the bundling of three servers with rate pm each will lead to an overall serving rate smaller than 3 . pa, because of the interference. Each active server has' an impact on the performance of the adjacent servers. PN sequences can be used in asynchronous as well as in synchronous CDMA systems. In this paper we introduce a new approach for designing spreading sequences for synchronous multi-code CDMA systems. The goal is to design spreading sequences with no need fim and mival rate A.
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for signaling such as the PN sequences. Our approach is compared with a PN and a full knowledge (best case) approach. This paper is organized as follows. In the next section we introduce our system with the general assumptions. Furthermore, we give interference calculation for synchronous CDMA systems using PN or Welch-Bound-Equality (WBE) sequences. In Section I11 we introduce the problem of signaling in CD-MA systems and introduce our new approach for the design of spreading sequences. Afterwards we review the SMPT technique in Section IV. The performance evaluation and the related scenario is present in Section V. We summarize our work and give an outlook on our future work.
SYSTEM DESCRIPTION

A. General assumptions
In this section we will describe and motivate all the assumption for the investigated wireless communication system. We consider a synchronous CDMA (S-CDMA) system with one base station only. Wireless terminals (WTs) that are in the coverage of the base station are able to convey data towards it. We assume multikcode CDMA capabilities at the wireless terminal (WT) and the base station. Furthermore, perfect power control is applied. In case a WT is transmitting packets over multiple CDMA channels, we assume that either all or none of the packets are successful received. This assumption is justified in [FitOZ] . Within this S-CDMA system all the signals are transmitted and received c h i p and bit-synchronous. For our S-CDMA system, we assume that all the signals are transmitted aligned in carrier phases and without delays.
We will analyze the S-CDMA system using modulation like binary phase shift keying (BPSK), because in such system a correctly computation of bit error probability (BEP) is possible [Ver98] . Otherwise we have to use suitably approximations for BEP evaluation, which can distort computation results. Some approximations approaches have been investigated and discussed in [V,VOI] . We suppose a channel with path-loss depending on distance between base station and wireless terminal plus additive white Gaussian noise (AWGN) are presented. This is socalled AWGN channel model that is often used for modeling of CDMA systems.
The shape of transmissions pulses is assumed to be rectangular. The binary spreading sequence for the k-th channel is given by with S k ( n ) = f l and sequence length N . The considered S-CDMA system uses so-called unimodular sequences, which have the following properties. The absolute values of these sequences components are equal to ISk(n)l = & . Hence the unimodular sequences have power equal to 1. This fact will simplify our analysis part in this work. The perfect power control ensures that all subscribers will be received with the same power. We denote corresponding magnitude by P. The binary data symbols from the k-th channel corresponding to the time point 1 are denoted by bk(1).
We note that in our system with binary spreading sequences the k-th matched filter uses the same sequences as the k-th transmitter. We will analyze our system only in baseband because both modulation at the transmitter and demodulation at the receiver have not bearing on obtained results.
B.
Interference calculation for synchmnous CDMA syslems 1) PN sequences: At first we consider the proposed S-CDMA system using s w a l l e d pseud*noise (PN) sequences as spreading sequences S. Generally PN sequences are defined as binary random sequences which components' values occur with the same probability, i.e P r (sb(n) = +1) = We note that the transmission performance is only dependent on the autocorrelations and cross<orrelations values for the PN sequences. The correlations have an direct impact on the intersymbol-interference (ISI) and the multiple-access-interference (MAI). The autocorrelation property does not play a role in our S-CDMA model, since this model has been assumed as a synchronous system. Due to the BPSK detection by 6,(l) = s i g n ( y k ( l ) ) the bit error probability (BEP) can be calculated by the following equation [Ver98]: 2) Optimum Sequences: Now we will define the optimum criteria according to performance characteristic value like BEP. Due to the fact that the BEP is dependent on spreading sequences, the optimum designed sequences are given as the solution of the following problem statement min m u Pro ( b~( l ) # b i ( l ) l S ) = P I~~( P , U~, K , N ) .
( 5 )
There are more than one solution to solve this problem. In [V.VOI] we have presented an approach using a solution of the equivalent problems. As a result a so-called Welch-BoundEqualiry WBE sequences [VA!29] have been obtained, i.e. these sequences meet the optimum criteria given in Equation 5 . We note these sequences are only optimum in case of BEP minimization, not with respect to other performance characteristic values like packet error probability or total throughput. The BEP equation in the optimum WBE case has been obtained in [V.VOI] 
Comparing with Equation 4 we see that the WBE sequences lead to much smaller BEP than in PN case. This fact has been shown in Figure 5 (comparing PN with WBE) assuming the system with N = 12 and K = 20. Clearly the CDMA systems using WBE sequences have better performance property with respect to BEP, if the number cif channels is not larger than the spreading gain because sequences are orthogonal in this case. For more users the BEP value in WBE case converges to the BEP value in PN case. However, the gain of using of WBE sequences is especially large for small differences between N and K .
There are three kinds of the WBE sequences: binary, real and complex-valued. It was shown in [VA99] that real and complexvalued WBE sequences exist for any possible combinations of spreading gain and number of WT's. We note, only binary sequences can be applied to systems using BPSK modulation.
The binary WBE sequences can be constructed using Hah a r d matrix. .We note that Hadamard matrices with dimension N exist only if remainder after division by 4 is zero (rem (N,4) We note that there are exactly ( K -N ) identical sequences in WBE sequence set generated using the procedure described above. We can conclude that there are exactly ( : ) possible WBE sequence sets.
In contrast to binary case the complexed valued WBE sequences can he generated for every scenario K > N [VVOl] .
SIGNALING IN CDMA SYSTEMS A. Generalproblem statement
Here and hereafter, we consider only signaling used for sequence allocation or sequence updates. We note that in CDMA systems with PN sequences, signaling between the base station and the wireless terminal is needed only at the beginning of the communication session. In CDMA systems with WBE sequences, the WBE property will he lost in case the number of active CDMA channels is changed. Therefore signaling is need everytime the number of active channels is changed. The main question remains whether changes in the number of active channels will affect the performance in terms of BEP.
B. WBE++ approach
Let wireless terminals be allocated based on the conditions for usage of WBE sequences. We have already shown that this is the optimum case. It is not possible to extend the number of channels without violating the assumption of required performance. Otherwise one or more WTs can leave the cell loosing the WBE conditions. We define the WBE++ approach in case, if remaining WTs keep the sequences which would be optimum in the WBE case. The main question is here whether the performance becomes not worse than in optimum case. In the following we will obtain BEP approximation depending not only on spreading gain N and number of channels in optimum case K , but also on number of outgoing channels L.
At first, we consider the BEP equation consisting of interference and noise parts
We assume a CDMA system using complex valued WBE sequences, because the summarized interference can be exactly calculated in this case as 
where L 5 K -1. We note that Equation IO does not give the BEP value but only its approximation.
C. Methodology for BEP measurement^
We have already mentioned in Section 11-8.2 that several optimum sequence sets are avaliable. We have performed simulations to show that the BEP values are dependent on the chosen sequence sets using the following measurements procedure. For the defined scenario (given by K , N) 
IV. THE SMPT APPROACH
We now briefly review the SMPT approach (referring the interested reader to [FitOZ] for a more detailed discussion). For illustration purpose, we assume the transmission of 16 MAC packets representing one higher protocol segment (e.g. one IP packet). The resulting transmission over multiple CDMA channels using SMPT is given in Figure 6 . In contrast to the sequential transmission, SMPT starts using additional CDMA channels after detecting a good channel state at time slot 9. While in the sequential case stored packets are suffering by the retransmission process, packet number 13 using SMPT is not aware of any retransmission process. Thus, SMPT is able to bound the delay for higher protocol segments, Note, that 16 packets are transmitted successfully in 16 time slots. The sequential approach could achieve this only by an error-free wireless link. In case an error occurs while building up the ramp, the number of channels is reset immediately to one. This behavior is similar ta the TCP fairness approach and is implemented to achieve system stability. The next simulation gives the answer to the question whether in WBE++ case the performance does not get worse than in optimal WBE case. We have done it assuming following scenario: N = 12, KmaZ = 20. We have calculated BEP values for each combination N, K ( K = 0 . . . K,,,,,) according to (3) as average BEP whereby all the possible sequence sets have been taken into account (see Figure 5) . Because of the large number of sequence sets and the high complexity of Equation (3), the numerical computation takes a long time which rapidly increases for large K . The simulations have shown that the calculation of Equation (3) is possible only for K < 30.
We note that the worst average BEP value in the WBE++ case is smaller than the worst average BEP value in WBE case. This fact is confirmed by the approximation given in Equati- v. PERFORMANCE EVALUATION For the performance evaluation for the PN, WBE++, and the WBE approach we use the streaming of video over the TCP protocol, introduced in [FSW+02] . We note that the amount of signaling required is not taken into account for the WBE approach. Furthermore the impact of error-prone signaling is not investigated. Therefore results for the WBE approach can be seen as best case results. In the simulations each WT randomly selects one out of 25 video sequences, which are obtained from [FROI] including sport, movie, and news video sequences. Also, each WT selects an independent random starting phase into the selected trace to ensure the statistical independence of the transported video streams. The WT commences the video streaming hy filling the receiver-side play-out huffer to a prespecified offset value roe = 1 sec. The receiver side application starts to play out the video once the play-out huffer reaches the offset value. Under normal circumstances, for every frame peri-VI. CONCLUSION AND OUTLOOK od (which is typically an integer multiple of 40 msec for H.263 l,, conc~usion we can say that the WBE++ approach ofencoded video [FROI] ), the receiver removes a frame from the fers higher capacity than PN sequences without increasing the play-out buffer, decodes it, and displays it. If at any of these of signaling. Even if higher capacity values can he epochs there is no complete video frame in the PlaY-out buffer, achieved with the WBE approach, we note that the signaling the receiver experiences playback starvation, which we refer to overhead for WE was not taken into account, fUnher stua buffer underrun. When a buffer underrun occurs, the receiver dies we investigate the performance of SMPT with higher temporarily suspends the play-out of the video. The receiver spreading waits until the play-out buffer is filled to the offset value, and then resumes the play out of the video. The wireless channel is modeled as a two state Markov chain with a good and a bad state, where no communication is possible in the bad state. The BEP in the good State depends on the total number of active packet error probability as a function of the number of active channels.
the data link layer we study two transmission appreaches: (1) sequential transn,ission based on a S C~D M A system and (2) SMPT which is based on a MC-CDMA system. In our performance evaluation we study primarily the buffer un- Prentice Hall, 1996. jm.
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